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Summary 58 
The productivity and functioning of mixed-species forests often differs from that of 59 
monocultures. However, the magnitude and direction of these differences are difficult to 60 
predict because species interactions can be modified by many potentially interacting climatic 61 
and edaphic conditions, stand structure and previous management. Process-based forest 62 
growth models could potentially be used to disentangle the effects of these factors and thereby 63 
improve our understanding of mixed forest functioning while facilitating their design and 64 
silvicultural management. However, to date, the predicted mixing effects of forest growth 65 
models have not been compared with measured mixing effects. In this study, 26 sites across 66 
Europe, each containing a mixture and monocultures of Fagus sylvatica and Pinus sylvestris, 67 
were used to calculate mixing effects on growth and yield and compare them with the mixing 68 
effects predicted by the forest growth model 3-PGmix. The climate and edaphic conditions, 69 
stand structures and ages varied greatly between sites. The model performed well when 70 
predicting the stem mass and total mass (and mixing effects on these components), with 71 
model efficiency that was usually > 0.7. The model efficiency was lower for growth or 72 
smaller components such as foliage mass and root mass. The model was also used to predict 73 
how mixing effects would change along gradients in precipitation, temperature, potential 74 
available soil water, age, thinning intensity and soil fertility. The predicted patterns were 75 
consistent with measurements of mixing effects from published studies. The 3-PG model is a 76 
widely used management tool for monospecific stands and this study shows that 3-PGmix can 77 
be used to examine the dynamics of mixed-species stands and determine how they may need 78 






Forest productivity, functioning and stability can differ greatly between mixed-species forests 83 
and monocultures. The magnitude and direction of these differences are often uncertain 84 
because they are influenced by many potentially interacting factors, including species traits, 85 
climatic and edaphic conditions, stand structure and previous management (Forrester, 2014; 86 
Bauhus et al., 2017a). Forest growth models are frequently used to predict and disentangle the 87 
effects of these factors, which are often occurring and changing simultaneously. When 88 
empirical datasets cover an appropriate range in these factors empirical analyses or models 89 
can be developed to predict the growth and yield (Mette et al., 2009; Huber et al., 2014; 90 
Pretzsch et al., 2015a). However, usually these data do not exist, or the questions being asked 91 
are relating to causality, such as why a response occurred and not only how the forest 92 
responded. In this case, process-based models are useful.  93 
 94 
Despite the potential of process-based models to predict mixing effects in forests, a recent 95 
review found no models that have been tested by comparing the predicted mixing effects with 96 
measured mixing effects (Pretzsch et al., 2015b). Therefore, there is an urgent need to test the 97 
ability of forest growth models to predict mixing effects. In this study, mixing effects are 98 
quantified using the relative productivity (RP); in the form of Equation 1 for the whole mixed 99 
stand or Equation 2 for each individual species (Forrester and Pretzsch, 2015). 100 
 101 RP𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑎𝑛𝑑 = 𝑝1,2𝑚1𝑝1+𝑚2𝑝2         (1) 102 




The p1,2 is the growth or yield of the whole mixture and p1,(2) is the growth or yield of species 106 
1 in a mixture with species 2. p1 and p2 are the growth or yield of species 1 and species 2 in 107 
their respective monocultures. The m1 and m2 are the mixing proportions calculated from the 108 
basal area of each species. When RP = 1 the growth or yield of the mixtures is exactly as 109 
expected based on the monocultures (i.e. an additive effect), indicating no complementarity 110 
effect. RP > 1 or RP < 1 indicate overyielding and underyielding effects, respectively, where 111 
overyielding occurs when mixtures produce more than the weighted mean of monocultures, 112 
and underyielding occurs when mixtures produce less than the weighted mean of 113 
monocultures. 114 
 115 
Confidence in the predictions of mixing effects cannot be expected until a given model has 116 
been carefully validated. This is more important when modelling mixed-species forests than it 117 
is when modelling monocultures because in a mixture, if one species is modelled incorrectly, 118 
the predicted competition that species has on all the other species will be incorrectly modelled 119 
and any associated bias will build up as the simulation progresses, leading to unrealistic stand 120 
dynamics. 121 
 122 
There are at least three criteria that should be used when selecting a model to simulate the 123 
dynamics of mixed-species forests. Firstly, the model should simulate the processes and 124 
interactions that are likely to be important in the target mixed forest. Some of these are listed 125 
in Table 1. While many tree level models can simulate most of these processes (e.g., Maestra; 126 
Medlyn, 2004), they often require extensive data for parameterization and operate at high 127 
temporal and spatial resolutions, which results in high computational demands. Calculations 128 
at high resolutions (e.g. leaves and hours) can also result in errors that are propagated when 129 
upscaling, and high resolutions are not necessary when the desired outputs are at lower 130 
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temporal (months or years) or spatial (stands) resolutions, such as those often required by 131 
forest managers. Furthermore, many important processes and interactions shown in Table 1 132 
can be calculated at the cohort and stand levels (not only at the tree or leaf levels) (Pretzsch et 133 
al., 2015b). Therefore, stand level models have been used to reduce computation demands and 134 
to avoid the propagation of bias associated with upscaling (e.g., Härkönen et al., 2010; 135 
Forrester and Tang, 2016).  136 
 137 
The second criterion is that all processes (e.g., equations or submodels) that the model 138 
includes should have been evaluated by comparing predictions against empirical data 139 
(Grimm, 1999; Weiskittel et al., 2010), preferably for many different forest types and species. 140 
That is, it is easy to achieve a very good fit to observed growth and yield data for the wrong 141 
physiological reasons (Sands, 2004). Good predictions of growth and yield do not reliably 142 
indicate whether the other calculations (light, water balance, carbon partitioning, nutrient 143 
cycling) are accurate or therefore whether the model is reliable. 144 
 145 
The third criterion is that species-specific parameters must not change with species 146 
interactions. Species interactions can change the resource availability and within-stand 147 
climatic conditions and thereby the physiological performance of a given species, but they 148 
cannot change the basic physiology of that species; in other words, the species cannot change 149 
into a different species. Therefore, it should be possible to use a single parameter set for a 150 
given species (or provenance or clone) to simulate its response to competition, climatic and 151 
edaphic factors. For example, single parameter sets for Acacia hybrids, Eucalyptus hybrids 152 
and Pinus taeda have been used by the 3-PG model (Physiological Principles Predicting 153 
Growth) to simulate their responses across wide ranges of soils, climates and silvicultural 154 
treatments (Almeida et al., 2010; Gonzalez-Benecke et al., 2016; Hung et al., 2016). This also 155 
6 
 
enables the use of data from monocultures to parameterize and calibrate models to be used for 156 
mixtures when there is no empirical data available for the given mixture. 157 
 158 
The 3-PG model (Landsberg and Waring, 1997) fits these three criteria. However, it has rarely 159 
been used for mixed-species forests (Forrester and Tang, 2016). Therefore, the first objective 160 
of this study was to (1) examine whether the recently developed mixed species version, 3-161 
PGmix, could predict the growth and yield of Pinus sylvestris and Fagus sylvatica forests 162 
distributed across 26 sites in Europe (Fig. 1), while using single parameter sets for each 163 
species. The second objective was to (2) test whether 3-PGmix could predict the mixing effects 164 
on the growth and yield of these Pinus sylvestris and Fagus sylvatica mixtures. Previous 165 
studies that used the same plots found large variability in mixing effects, which were weakly 166 
correlated with site or climatic variables (Pretzsch et al., 2015a; del Río et al., 2017), although 167 
mixing effects for P. sylvestris were caused, at least partly, by light-related interactions 168 
(Forrester et al., in press). The unclear causality possibly resulted because multiple factors can 169 
cause the mixing effects and these cannot be teased apart using empirical data without a 170 
higher number of plots or detailed physiological measurements. Therefore, the third objective 171 
was (3) to use 3-PGmix to investigate which processes might be causing the mixing effects at 172 
the different sites and to examine whether 3-PGmix predicts how mixing effects change along 173 
gradients in climate, soil fertility, age and thinning intensity that are consistent with empirical 174 
studies about these species. Thinning intensity was considered because this is a main 175 
silvicultural treatment that could be used to modulate mixing effects (Bauhus et al., 2017b), 176 
and many studies have found that mixing effects can change with stand density (Garber and 177 






Site description 182 
 183 
Model predictions were compared with data collected from 26 sites. At each site, there were 184 
three plots, including a mixture and monocultures of P. sylvestris and F. sylvatica. The sites 185 
were distributed along a productivity and rainfall gradient through Europe, through much of 186 
the overlapping area of the distributions of P. sylvestris and F. sylvatica. The southernmost 187 
sites are located in Spain and Bulgaria and the northernmost sites are in Sweden (Fig. 1). The 188 
plots were generally rectangular and ranged in size from 0.037 to 0.462 ha. Plot selection 189 
criteria were that they were as close as possible to even-aged, that they had not been thinned 190 
for at least ten years and that the trees were mostly mixed on a tree-by-tree basis. The stands 191 
were all semi-natural forests as opposed to plantations. In addition, for a given site, all three 192 
plots had to be on a similar soil substrate, aspect and slope. The data and a more detailed 193 
description of the data are provided in Heym et al. (2017) and Heym et al. (in press). 194 
 195 
At these locations the mean annual precipitation ranges from 520 to 1,175 mm, the mean 196 
temperature from 6.0 to 10.5 °C and the elevation from 20 to 1,339 m a.s.l. A site productivity 197 
index (SI) was calculated for each species as the height of the 100 largest-diameter trees of 198 
that species per hectare in monospecific stands at age 50 years (Pretzsch et al., 2015a). The SI 199 
ranged from 11.7 to 27.6 m for F. sylvatica and from 9.5 to 26.9 m for P. sylvestris. More 200 
detail about the climatic and edaphic conditions of each site is provided in Table A2 of 201 
Appendix A. 202 
 203 
A wide range of stand structures was covered by the 78 plots at the 26 sites. In the mixtures, 204 
the percent of basal area that was P. sylvestris ranged from 28% to 73%. The basal area 205 
ranged from 13.3 to 78.0 m2 ha-1, the number of trees per hectare from 82 to 2,649 and the 206 




Data collection 209 
 210 
The diameters at 1.3 m of all trees were measured in each plot. The heights, height to the 211 
crown base and crown diameters were also measured for all trees or for a sample of trees (at 212 
least 10 randomly selected trees per species per plot). These measurements were conducted 213 
between autumn 2013 and spring 2014. Tree dimensions and annual growth for each year 214 
from 2002 to 2014 were calculated using increment cores that were collected from at least 20 215 
trees per species per plot covering the diameter range for the given species and plot. The 216 
diameter increments of all non-cored trees were calculated by fitting diameter increment 217 
functions for each plot and species, where diameter increment was a function of diameter at 218 
1.3 m and both were log-transformed. More detail is provided in Pretzsch et al. (2015a). The 219 
crown diameters, heights and live-crown lengths of the trees that were not measured, or for 220 
years prior to 2014, were predicted using site- and species-specific allometric equations that 221 
were developed in another study using the same plots (Forrester et al., in press). Plot biomass 222 
(stems, foliage and roots) was estimated using generalized biomass relationships for F. 223 
sylvatica and P. sylvestris that incorporate the effects of stand basal area, trees per ha and age 224 
(Forrester et al., 2017b). 225 
 226 
Description of 3-PGmix 227 
 228 
The 3-PG model was developed by Landsberg and Waring (1997) and since then it has been 229 
validated for many species and regions around the world (Landsberg and Sands, 2010). The 230 
original version of 3-PG was developed for monocultures but recent modifications have 231 
extended its use to mixed-species forests (3-PGmix; Forrester and Tang, 2016). The input 232 
parameters and their units are listed in Table A1 of Appendix 1 and the types of species 233 
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interactions that can be simulated are listed in Table 1. The 3-PGmix model has a monthly time 234 
step and consists of five sub-models in a causal chain starting with light absorption and 235 
assimilation and culminating with the conversion of biomass into output variables commonly 236 
used by foresters (Landsberg and Waring, 1997; Sands and Landsberg, 2002). The first sub-237 
model predicts light absorption using the model described in Forrester et al. (2014) and then 238 
predicts gross primary production (GPP) using the maximum potential light-use efficiency 239 
(αCx). The αCx is reduced in response to limitations imposed by temperature, frost, vapour 240 
pressure deficit (VPD), soil moisture, soil fertility, atmospheric CO2 and stand age (Landsberg 241 
and Waring, 1997; Sands and Landsberg, 2002; Almeida et al., 2004). Net primary production 242 
(NPP) is calculated assuming NPP/GPP = 0.47 (Waring et al., 1998).  243 
 244 
The NPP is distributed to foliage, stems and roots by the second sub-model. Soil fertility, 245 
VPD and soil moisture influence partitioning to roots while partitioning between stems and 246 
foliage is influenced by tree size, with larger trees partitioning a lower proportion of NPP to 247 
foliage (Landsberg and Waring, 1997; Sands and Landsberg, 2002). The third sub-model 248 
calculates density-dependent mortality using the -3/2 self-thinning law (Yoda et al., 1963) to 249 
adjust the number of trees per ha (Landsberg and Waring, 1997; Sands and Landsberg, 2002). 250 
Density-independent mortality can also be predicted (Sands, 2004; Gonzalez-Benecke et al., 251 
2014). The water balance is predicted by the fourth sub-model. Canopy conductance gc is 252 
calculated using a species-specific maximum gc, leaf area index (LAI) and any limitations 253 
caused by VPD, soil moisture, atmospheric CO2 and stand age. The former two can vary 254 
along vertical gradients within the canopy depending on the vertical distribution of foliage. 255 
Transpiration and soil evaporation are calculated using the Penman–Monteith equation and 256 
these are added to canopy interception to predict evapotranspiration. Soil water is calculated 257 
as the difference between evapotranspiration and rainfall, with any water in excess of the 258 
maximum soil water holding capacity being drained off (Sands and Landsberg, 2002). If 259 
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evapotranspiration is greater than the available soil water, the NPP is reduced. The fifth sub-260 
model converts biomass into output variables such as mean tree diameter, height, basal area, 261 
wood volume, etc.  262 
 263 
The calculation of species mixing proportions is required for several relationships in 3-PGmix 264 
and these proportions must be calculated using appropriate variables (Forrester and Tang, 265 
2016). For example, the total stand LAI used to calculate canopy interception and canopy 266 
conductance is adjusted using mixing proportions based on species contributions to stand LAI. 267 
Whereas the number of trees per ha (N) used for self-thinning calculations is adjusted based 268 
on the mixing proportions in terms of stem mass because the equation describing the self-269 
thinning law is based on stem mass. 270 
 271 
To simulate the dynamics of deciduous species, two parameters are required that define the 272 
month when leaves are produced (leafP) and the month when they are lost (leafL) (Forrester 273 
and Tang, 2016). Leaves are lost at the beginning of month leafL and the foliage biomass 274 
(WF, Mg ha-1) that was lost at the start of leafL will be produced again at the end of month 275 
leafP. At the start of the growing season, all NPP is partitioned to WF (none to stems WS or 276 
roots WR; both Mg ha-1) until an NPP equal to the WF has been produced, and after that, NPP 277 
will be partitioned to WS, WF and WR. For a full description of 3-PGmix please see Forrester 278 




Most parameters were estimated using data collected in the plots and from published studies, 283 
as indicated in Table A1 and described below. A small number of parameters were fitted, 284 
including those that define biomass partitioning between foliage and stems (p2, p20), the 285 
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minimum and maximum partitioning to roots (ηRx and ηRn) and the litterfall rates (γFx and γR). 286 
This model calibration was firstly done using monospecific plots, with 3-PGmix initialised 287 
with the stand structure that existed in each plot in 2002 in terms of species-specific age, 288 
foliage mass, stem mass, root mass and trees per ha. The 3-PGmix model was then run for 11 289 
years and the predictions for 2013 were compared with the measured values. One parameter 290 
was changed at a time until predicted diameter, height, basal area and biomass variables from 291 
monocultures were as close as possible to those estimated in the plots. 292 
 293 
Meteorological data 294 
 295 
The 3-PGmix model requires monthly weather data. This was obtained from the ERA-Interim 296 
reanalysis daily data, which was used to provide monthly weather data (from 2002 to 2014) 297 
with a spatial resolution of 0.125 ° latitude × 0.125 ° longitude, ≈10 km × 10 km, depending 298 
on the latitude (Dee et al., 2011). This is the latest global atmospheric reanalysis dataset 299 
produced by the European Centre for Medium-Range Weather Forecasts. The climatic 300 
variables included monthly mean daily minimum, maximum and mean temperature, 301 
precipitation and solar radiation. The use of ERA-Interim data instead of site-specific data 302 
could add some error to the 3-PGmix predictions. No weather stations were located at the sites 303 
but solar radiation (the most difficult weather variable to obtain) from weather stations that 304 
were close to three of the sites, was highly correlated (R2 > 0.7) with the ERA-Interim data. 305 
 306 
Allometric relationships 307 
 308 
In contrast to the individual tree allometric relationships described in “Data collection“, 3-309 
PGmix predicts mean height (ℎ̅, m), mean live-crown length (ℎ̅L, m) and mean maximum 310 
crown diameter (?̅?, m) to quantify the canopy structure in order to predict light absorption 311 
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and the vertical gradients in climatic conditions within the canopy (Forrester and Tang, 2016). 312 
These are predicted in 3-PGmix as functions of mean stem diameter at 1.3 m (?̅?, cm), relative 313 
height (rh, height of the target species divided by the mean height of all species in the plot), 314 
age (A, years) and competition (Equations 3 to 5) and data from the mixed and monospecific 315 
plots, 316 𝑙𝑛(ℎ) = 𝑙𝑛(𝑎𝐻) + 𝑛𝐻𝐵 × ln (𝐵) + 𝑛𝐻𝐶 × ln (𝐶)      (3) 317 𝑙𝑛(ℎ𝐿) = 𝑙𝑛(𝑎𝐻𝐿) + 𝑛𝐻𝐿𝐵 × 𝑙𝑛(𝐵) + 𝑛𝐻𝐿𝑟ℎ × 𝑙𝑛(𝑟ℎ) + 𝑛𝐻𝐿𝐶 × ln (𝐶)   (4) 318 𝑙𝑛(𝐾) = 𝑙𝑛(𝑎𝐾) + 𝑛𝐾𝐵 × ln(𝐵) + 𝑛𝐾𝑟ℎ × ln(𝑟ℎ) + 𝑛𝐾𝐶 × ln (𝐶)    (5) 319 
 320 
where all ax or nx parameters are constants. The competition index (C) is calculated as the sum 321 
of the species-specific products of basal area and wood density using Equation 6 (Forrester 322 
and Tang, 2016), which is assumed to reflect the current competition in relation to leaf area or 323 
sapwood area and hence light, transpiration and metabolic activity (Forrester et al., 2017a).  324 
 325 𝐶 = ∑ 𝐵𝐴𝑖 × 𝜌𝑖𝑛𝑖=1           (6) 326 
 327 
where BA is the basal area (m2 ha-1) and ρ is the wood density (g cm-3) of species i. The C is 328 
then expressed per ha after dividing by plot area (m2). 329 
 330 
Equations 3 to 5 were fitted for each species as mixed models, with plot nested within site as 331 
the random structure, using the nlme package for fitting the mixed models (Harrison et al., 332 
2009) with R 3.2.1 (R Core Team, 2016). To correct for the bias when back-transforming the 333 
response variables, a correction factor was calculated as the sum of the measured values 334 
divided by the sum of the (back-transformed) predicted values (Snowden, 1991). The back-335 




  338 
The parameters that describe the relationship between individual tree stem mass ws and 339 
diameter (aS and nS) were obtained from Forrester et al. (2017b), as were the parameters 340 
describing the relationship between age and specific leaf area. The mean wood density was 341 
estimated from values found in the literature (P. sylvestris; Landsberg et al., 2005; Xenakis et 342 
al., 2008) (F. sylvatica; Barbaroux, 2002; Cienciala et al., 2005; Gryc et al., 2008; 343 
Skovsgaard and Nord-Larsen, 2012). There was no relationship between wood density and 344 
age and therefore the wood density was assumed to be constant for each given species, as also 345 
assumed in studies where 3-PG was applied to P. sylvestris in northern Europe (Landsberg et 346 
al., 2005; Xenakis et al., 2008). In this study, the wood density is only used by 3-PGmix to 347 
calculate the competition index (Equation 6). 348 
 349 
Quantum yield and biomass partitioning 350 
 351 
The efficiency with which photosynthetically active radiation (PAR) is used to produce 352 
biomass (canopy quantum efficiency, αCx) was estimated by determining the maximum 353 
volume growth rates of these species, converting this to NPP using wood density and biomass 354 
expansion factors (Lehtonen et al., 2004; Vande Walle et al., 2005), adding litterfall estimates 355 
based on Lehtonen et al. (2004) (not for the deciduous F. sylvatica) and converting this to 356 
GPP assuming a ratio of NPP/GPP of 0.47 (Waring et al., 1998). This GPP was divided by 357 
the absorbed PAR (APAR) based on estimates in the same plots by Forrester et al. (in press), 358 
which also provided the light extinction coefficient parameters (kH). The maximum volume 359 
growth rates were the maximum current annual increments in yield tables for southwestern 360 
Germany (Bösch, 2003), where these species are considered to grow under optimum 361 




The leafP and leafL parameters, which describe when deciduous species (F. sylvatica) produce 364 
and lose their leaves were obtained from local foresters (Table A2 of Appendix A). The 365 
temperature limits on α (Tmin, Topt, Tmax) were approximations based on San-Miguel-Ayanz et 366 
al. (2016) and Felbermeier and Mosandl (2014) while the default frost effects were used (kF =  367 
1). Maximum stand age parameters of 350 years (P. sylvestris) and 300 years (F. sylvatica) 368 
were applied (Faliński, 1986; Felbermeier and Mosandl, 2014). The default value for the 369 
effects of vapour pressure deficit on gc (kD) was used for P. sylvestris (Landsberg et al., 2005; 370 
Xenakis et al., 2008). The kD for F. sylvatica was the mean of values calculated from Jonard 371 
et al. (2011) and Köcher et al. (2009).  372 
 373 
Self-thinning and size distributions 374 
 375 
Negligible self-thinning had occurred during the past decade in the plots used in this study. 376 
Therefore, the density-dependent mortality parameter, wSx1000, was set high (400) for each 377 
species to prevent any mortality. If required, these parameters can be calculated from previous 378 
studies (Pretzsch, 2005; Condés et al., 2017). There was also no evidence or information 379 
about density-independent mortality, so these parameters were set at 0. 380 
 381 
The 3-PGmix model uses diameter B (cm) and stem mass wS (kg) Weibull distributions to 382 
correct the bias due to Jensen’s Inequality that results from using allometric equations 383 
(Forrester and Tang, 2016); the mean of a function is not the same as the function of the mean 384 
(Duursma and Robinson, 2003). The location, scale and shape parameters of the Weibull 385 
distributions were predicted as functions of mean diameter, relative height (height of the 386 
target species divided by the mean height of all trees in the plot), age and the competition 387 
index (Equation 6). In the mixtures, the number of trees in each class was adjusted by 388 
dividing by the mixing proportion of the given species, based on its contribution to stand 389 
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basal area. The variables in these equations were log-transformed, which was not the case for 390 
the original 3-PGmix model (Forrester and Tang, 2016). The distributions and the Weibull 391 
equations are described in Appendix B.  392 
 393 
Rainfall interception 394 
 395 
The maximum proportion of rainfall intercepted by the canopy (IRx) of a given species 396 
monoculture was estimated from the mean of values found in the literature for these species 397 
(F. sylvatica: Nihlgård, 1970; Augusto et al., 2002; Staelens et al., 2006; Staelens et al., 2008; 398 
Barbier et al., 2009; Gerrits et al., 2010) (P. sylvestris: Rutter, 1963; Gash and Stewart, 1977; 399 
Alcock and Morton, 1981; Cape et al., 1991; Augusto et al., 2002; Barbier et al., 2009; Van 400 
Nevel, 2015). An LAI of 3 for maximum rainfall interception (LIx) was used based on the 401 
patterns shown in the rainfall interception studies cited above that included values of LAI. 402 
 403 
Estimating soil fertility  404 
 405 
Soil fertility for 3-PGmix is quantified using a fertility rating (FR). When available, site 406 
productivity indices and yield tables can provide a good overall estimate of the growing 407 
conditions for monocultures. SI indicate the combined effect of different climatic, edaphic 408 
and biotic conditions. Therefore, the SI can be described as a function of climate, soil water 409 
properties and soil nutrition as shown in Equation 7. 410 
 411 SI = 𝛽0 + 𝛽1ASW + 𝛽2Martonne + 𝜀       (7) 412 
 413 
where Martonne is the aridity index of each site according to de Martonne (1926), i.e.,  annual 414 
precipitation in mm / (mean annual temperature in °C + 10), which varied from 28 to 61, and 415 
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ASW is the potential available soil water (mm). The potential ASW was calculated from the 416 
soil depth, the water holding capacity of the given soil`s texture (mm/m) and the proportion of 417 
soil volume that is stones. The FR and SI are assumed to represent long-term average 418 
conditions and therefore the de Martonne index was calculated from the long-term averages. 419 
It was assumed that any variability in SI that was not explained by soil water characteristics 420 
(ASW) or climate (de Martonne aridity index) was due to soil fertility and therefore ε 421 
provides an index of soil fertility (FR). Therefore, the FR is the observed SI plus the residual, 422 
and the residual is the observed SI minus the predicted SI from Equation 7. This was then 423 
normalised so that the FR values lie between 0 and 1. Since species interactions can modify 424 
soil fertility (Richards et al., 2010), the FR values were only calculated using data from the 425 
monocultures, and the resulting FR values were also used in the mixtures. Besides the FR, 426 
default parameters for the fertility effects on productivity were used, except for fN0, which 427 
describes the lowest relative fertility, namely 0.2 for P. sylvestris and 0.5 for F. sylvatica. 428 
 429 
Evaluation of model performance 430 
 431 
To test the light absorption predictions from 3-PGmix, its predictions were compared with 432 
those from Maestra (Medlyn, 2004), which is a much more detailed tree-level model. Maestra 433 
predicts the light absorption of all individual trees within a stand. It uses individual tree 434 
positions (x- and y-coordinates), the site slope and individual tree dimensions (crown 435 
diameter, length, height and leaf area) to determine the canopy structure and thereby accounts 436 
for shading by neighbouring trees. Maestra accounts for intra- or inter-specific differences in 437 
crown architecture in terms of crown dimensions, the vertical distribution of leaf-area density, 438 
the leaf angle distribution and the optical properties of leaves. The predictions from Maestra 439 
were obtained from another study in the same plots that examined how light absorption was 440 
influenced by tree allometry, tree size and stand structure (Forrester et al., in press). The 441 
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Maestra light absorption predictions compared well with light absorption predicted for the 442 
same plots using hemispherical photos, with R2 = 0.67 and a slope (forced through origin) for 443 
relationship between observed vs. predicted values of 0.92 (see Fig. S3 in Forrester et al., in 444 
press). Maestra light absorption predictions have also been validated in other mixed-species 445 
stands (Charbonnier et al., 2013; le Maire et al., 2013). The parameterisation of Maestra for 446 
these plots is described in detail in Forrester et al. (in press).  447 
 448 
The 3-PGmix output variables basal area, stem mass, leaf mass, root mass, diameter, height, 449 
APAR and mixing effects (Equations 1 & 2) on these variables were compared with the 450 
estimates from the plot measurements (mass variables were calculated using allometric 451 
biomass equations, as described above). The model was initialised with the stand structure 452 
that existed in each plot in 2002 in terms of species-specific age, foliage mass, stem mass, 453 
root mass and trees per ha. It was then run for 11 years and the predictions for 2013 were 454 
compared with the measured values. Given that the monospecific plots were used to 455 
parameterise and calibrate the model, a validation was performed using the mixed-species 456 
plots, before finally combining the data from the mixtures and monocultures to obtain the 457 
final parameter set. The criteria used to make comparisons included the relative average error 458 
(average bias, e%, Equation 8), the relative mean absolute error (MAE%, Equation 9), the 459 
mean square error (MSE, Equation 10) (Janssen and Heuberger, 1995; Vanclay and 460 
Skovsgaard, 1997) and the model efficiency (EF, Equation 11) (Loague and Green, 1991), 461 
which can be less than zero (indicating a poorer model prediction than simply using the mean) 462 
up to a maximum of 1, where there is a perfect correlation between predictions and 463 
observations. 464 
 465 𝑒% = 100 ?̃?−?̃??̃?           (8) 466 
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 467 𝑀𝐴𝐸% = 100 ((∑ |𝑃𝑖−𝑂𝑖|)/𝑛)𝑛𝑖=1 ?̃?         (9 468 
 469 𝑀𝑆𝐸 = ∑ (𝑃𝑖−𝑂𝑖)2𝑛𝑖=1 𝑛           (10) 470 
 471 𝐸𝐹 = ∑ (𝑂𝑖−?̃?)2𝑛𝑖=1 − ∑ (𝑃𝑖−𝑂𝑖)2𝑛𝑖=1∑ (𝑂𝑖−?̃?)2𝑛𝑖=1         (11) 472 
 473 
where Oi are the observed values, Pi are the predicted values from 3-PGmix, and ?̃? and ?̃? are 474 
the means. All statistical analyses were performed using R 3.2.1 (R Core Team, 2016).  475 
 476 
Simulation of the spatial and temporal dynamics of species interactions  477 
 478 
3-PGmix was then used to simulate the effects of climate, soil fertility, soil water holding 479 
capacity, stand age and thinning intensity on mixing effects. To initialise the stands, we used 480 
the mean ages, mean species-specific stem mass, root mass, foliage mass and trees per ha in 481 
2002. That is, we used a single “mean” stand structure to initialise all simulations. The final 482 
year of the simulations was 2013. A factorial design was used, including 3 species 483 
compositions (2 monocultures + 1 mixture)  6 climates (3 levels of temperature and 3 levels 484 
of precipitation)  6 fertility levels  6 levels of soil water holding capacity  4 levels of 485 
thinning intensity = 2592 simulations that each went for a duration of 13 years, from age 61 to 486 
73 years (2002 to 2013). 487 
 488 
The climates for the temperature gradient were obtained by selecting the climate data from 489 
two or three sites with the lowest, medium and highest mean monthly maximum temperatures. 490 
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Then the mean monthly climate values (from 2002 to 2014) for each given category (low, 491 
medium or high) were used to obtain three climatic scenarios with low, medium and high 492 
temperatures. A similar procedure was used to obtain three climatic scenarios with low, 493 
medium and high annual precipitation. This precipitation gradient also represented a gradient 494 
in the terms of the de Martonne (1926) aridity index. Six levels of species-specific soil 495 
fertility were used, ranging from the lowest to the highest values calculated for all sites. The 496 
fertility was increased for both species simultaneously, because there was a positive 497 
correlation between the site productivity indices of each species (P = 0.017, R2 = 0.25) 498 
(Forrester et al., in press). The 6 levels of maximum available soil water (mm) ranged from 28 499 
to 715 mm, which was the range found across the sites in this study. Four thinning intensities 500 
were applied at the start of the simulations in 2002 such that 0%, 15%, 30% and 45% of the 501 






The APAR values predicted by 3-PGmix were well correlated (R2 = 0.96) with predictions from 508 
the detailed tree-level model Maestra (Fig. 2). The slope of the regression line fitted to these 509 
data and forced through the origin (dashed line in Fig. 2) was 0.978, indicating an average 510 
overestimate by 3-PGmix of <3% compared with Maestra. This level of accuracy is relatively 511 
high given that the plots covered a wide range of stand structures and leaf area index, and also 512 
given that 3-PGmix only uses species-specific means as inputs rather than spatially explicit 513 
individual tree information. 514 
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The 3-PGmix model produced accurate predictions of total biomass, stem mass and anything 515 
derived from them such as mean diameter and basal area, which were all highly correlated 516 
with the observed values (R2 > 0.95, Fig. 3). For these variables, the predictions for both 517 
species were marginally more precise and less biased in the monocultures, which were used 518 
for model calibration, than in the mixtures. This was indicated by the mean e% (mono=2.6, 519 
mix=3.7), MAE% (mono=15.4, mix=16.4), MSE (mono=789, mix=1 408) and EF 520 
(mono=0.72, mix=0.62) (Table 2). The predictions of NPP and stem mass growth were more 521 
variable, for example e% was -42.6 to 49.7 in monocultures but -18.5 to -35.8 in mixtures and 522 
mean of MAE% was 79 in monocultures and 56 in mixtures. The predictions for growth rates 523 
or for variables that had much smaller magnitudes (i.e. foliage and roots), were much less 524 
precise (Figs 3 and B3). 525 
 526 
The predicted mixing effects (RP) on growth and yield followed similar patterns for all 527 
variables (Table 2). The mixing effects for total biomass, stem mass, basal area and diameter 528 
were generally precise (mean MAE% = 13.6) and with a low bias (mean e% = 5.2). In 529 





Thinning increased the mixing effects for P. sylvestris and the total mixture stem mass (Fig. 535 
5f) but reduced mixing effects on F. sylvatica NPP (Fig. 6f). Thinning also modified the 536 
effect of climate on mixing effects by reducing the differences between species as the 537 
thinning intensity increased (Figs 5a,b & 6a,b). For stem mass, this response was more 538 
pronounced for P. sylvestris than F. sylvatica. Increasing soil fertility resulted in higher 539 
mixing effects on stem mass for P. sylvestris and the total mixture (Fig. 5d) but reduced the 540 
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mixing effect on NPP for F. sylvatica (Fig. 6d). As the stands aged, the mixing effects were 541 
predicted to increase for F. sylvatica and decline for P. sylvestris, with the total mixture 542 
showing negligible changes (Fig. 5e & 6e). Drier or hotter climates reduced the mixing effect 543 




The 3-PGmix model was able to predict the growth and yield of mixed-species plots after being 548 
calibrated using monocultures. It was also able to predict the mixing effects that were 549 
consistent with other studies about the same species.  550 
 551 
Validation and applicability to the F. sylvatica and P. sylvestris forests of Europe 552 
 553 
The plot network used in this study included a wide range of stand structures and tree 554 
allometry, resulting in a correspondingly large range of light regimes (Forrester et al., in 555 
press). Even with this complexity, the simple light sub-model of 3-PGmix provided adequate 556 
predictions of light absorption. This level of accuracy is acceptable given (i) the variability in 557 
stand structures and allometry, (ii) that the comparisons were made against predictions from 558 
another model (Maestra) instead of direct measurements of light absorption and (iii) that 3-559 
PGmix at its light sub-model is a stand-level model that simplifies the canopy into cohorts and 560 
ignores any spatial clumping of species or trees. Adequate validation of light calculations are 561 
critical for the many forest growth models, including 3-PGmix, that base their NPP 562 
calculations on light-use efficiency (McMurtrie et al., 1994; Landsberg and Waring, 1997; 563 
Mäkelä et al., 2008), and therefore depend on reliable predictions of light absorption for their 564 




3-PGmix accurately predicted biomass yield, basal area and mean tree dimensions at the end of 567 
the 11-year simulation period. This is partly evidence that the model was performing well, but 568 
also resulted because actual stand structures (as of 2002, stand ages of 30 to 140 years) were 569 
used to initialise the simulations, which improves the accuracy of predictions compared to 570 
starting with seedlings (Sands and Landsberg, 2002). A much lower precision was obtained 571 
for growth or small biomass components, such as roots and foliage, as has also been observed 572 
elsewhere (Paul et al., 2007) and is expected due to the small sizes of these biomass 573 
components combined with their much greater relative variability (Forrester et al., 2017b). 574 
 575 
Regardless of the size of the biomass components, there are several additional sources of error 576 
that should be considered. Firstly, the “observed” biomass data were predicted using 577 
allometric equations. These equations were developed using an independent European-wide 578 
data set and accounted for age, tree diameter and several stand structural characteristics that 579 
probably account for much of the mixing effects on allometry (Forrester et al., 2017a; 580 
Forrester et al., 2017b). Nevertheless, they are unlikely to be as accurate as site-specific 581 
destructively sampled biomass measurements. For example, in even-aged stands, such as 582 
those in this study, growth and foliage mass tend to decline after peaking when the stands are 583 
young (Ryan et al., 1997). F. sylvatica leaf area index was declining along an age series from 584 
80 to 160 years in Germany (Leuschner et al., 2006) and yield tables of southwestern 585 
Germany indicate that volume increments decline after peaking at ages 35-45 years for P. 586 
sylvestris and 65-85 years for F. sylvatica, with peaks occurring earlier on more productive 587 
sites (Bösch, 2003). Given the current ages of these stands (40 to 150 years) the growth rates 588 
and foliage mass at many of the sites are likely to be showing long-term trends of decline. 589 
Even with age as an independent variable, these tree-level allometric equations may not be 590 
precise enough to capture this stand-level variability. 3-PGmix is probably more sensitive to 591 
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differences in site, age and stand structural conditions than the allometric equations and 592 
therefore the error and bias of the 3-PGmix biomass predictions was probably overestimated.  593 
 594 
A second source of error is the potential for genetic variability of the 3-PGmix parameters. The 595 
physiology, morphology and phenology of F. sylvatica and P. sylvestris probably changed 596 
along the transect in relation to the different climatic and edaphic conditions (Rehfeldt et al., 597 
2002; Robson et al., 2012). That is, the P. sylvestris trees in Sweden probably differ to the P. 598 
sylvestris in Spain, but when calculating the parameter values, data from a wide range in the 599 
distributions were combined into a mean value for each parameter; there were not enough 600 
data to develop region-specific parameter sets. Process-based models are rarely applied across 601 
such large natural distributions of a single species and therefore an effect of genetic variability 602 
cannot be compared with other studies.  603 
 604 
Most forest growth models, regardless of whether they are empirical or process-based, face 605 
the problem of systematic genetic variability (in physiology/morphology/phenology) when 606 
applied across an area large enough to include multiple provenances of the given species. This 607 
genetic effect could be incorporated into models if the genetic influence on parameters varies 608 
systematically with climatic or edaphic conditions, otherwise different parameter sets will be 609 
required for each provenance. For example, clone-specific parameter sets are used when 610 
applying 3-PG to Eucalyptus plantations in south America (e.g., Almeida et al., 2004). 611 
Models applied to large areas that ignore systematic differences in physiological, 612 
morphological and phenological characteristics of a species may not be reliable for predicting 613 
many aspects of forest functioning, including species interactions and potential changes in 614 
species distributions. Similarly, parameter sets developed for a given species in one part of its 615 
natural distribution may not be reliable for the same species in another part of its natural 616 
distribution. The general European-wide parameters used in this study should be further 617 
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refined when applied to specific regions. This refinement should target the parameters that are 618 
most likely to change and that 3-PGmix is most sensitive too, such as p20, kH, αCx, σ1 (Forrester 619 
and Tang, 2016). 620 
 621 
This does not mean that a single parameter set cannot be applied to large areas with wide 622 
ranges in climatic and edaphic conditions. For example, 3-PG is well known to provide very 623 
precise and less biased predictions using a single parameter set, when the genetic variability 624 
of the simulated species is relatively low, such as in plantations, even when the growing 625 
conditions span a wide range of climates, soil types and silvicultural treatments (Almeida et 626 
al., 2010; Gonzalez-Benecke et al., 2016; Hung et al., 2016). 3-PG has also already been 627 
shown to provide accurate predictions for P. sylvestris in northern Europe using parameters 628 
similar to those used in this study (Landsberg et al., 2005; Xenakis et al., 2008), and other 629 
stand-level forest growth models have also performed well using single parameter sets 630 
(Härkönen et al., 2010).  631 
 632 
Comparison of simulations with published empirical observations 633 
 634 
3-PGmix was designed specifically to include many of the species interactions that can 635 
influence the growth and functioning of mixed-species forests (Table 1). Even though it does 636 
not include all possible species interactions and all interactions are simulated at the stand level 637 
(not at the tree level), the predicted mixing effects compared well with the observed mixing 638 
effects at the 26 sites used for this study which covered a wide range in stand structures and 639 
climates. This suggests that the most influential processes driving the dynamics of these 640 
forests are included in 3-PGmix (Table 1). The predictions also compared well with other 641 
studies about these species. For example, as thinning intensity increased, the mixing effects 642 
were predicted to decline for F. sylvatica but increase for P. sylvestris. This pattern was also 643 
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found in response to differences in stand density using a large dataset from Spain (Condés et 644 
al., 2013). 645 
 646 
As soil fertility increased, the mixing effect was predicted to increase for P. sylvestris. 647 
Increasing mixing effects with increasing soil fertility are likely to result when species 648 
interactions improve light absorption or light-use efficiency (Forrester, 2014). Consistent with 649 
this prediction, another study that used the same plots found that the mixing effects for P. 650 
sylvestris growth were correlated with mixing effects on light absorption (Forrester et al., in 651 
press).  652 
 653 
As the stands aged, the mixing effects were predicted to increase for F. sylvatica and decline 654 
for P. sylvestris. At the start of the simulation, age 62 years, the mean height of P. sylvestris 655 
was 21.5 m and F. sylvatica was 15.6 m, but by the end of the simulation at age 73 years, the 656 
height difference was much smaller (22.7 and 20.7 m, respectively). Therefore, the vertical 657 
overlap between F. sylvatica and P. sylvestris crowns increased, which probably reduced the 658 
light complementarity effect experienced by P. sylvestris. This highlights the potential need 659 
for thinning F. sylvatica from the larger size classes to maintain the upper canopy position of 660 
P. sylvestris (Spathelf and Ammer, 2015). It is also important to note that the initial 661 
conditions used as inputs for 3-PGmix (e.g. species specific values of trees per hectare, 662 
biomass per ha, age) will influence the simulation. The mean conditions of all sites were used 663 
in this study in order to examine general patterns. However, if the actual dynamics for specific 664 
sites are of interest, then site-specific inputs are required. Similarly, the simulation in this 665 
study ran for 11 years, but a more reliable test could include a greater proportion of the 666 




The effects of climate were also consistent with those reported in the literature. 3-PGmix 669 
predicted that mixing effects for F. sylvatica would be lowest at dry or hot sites, while those 670 
for P. sylvestris would be highest on those sites. This is consistent with a Spanish study on the 671 




To our knowledge, this is the first time a forest growth model has been validated for its ability 676 
to predict mixing effects using empirical measurements of the mixing effects. This is despite 677 
the fact that most forests are mixed and that forest growth models are often applied to mixed-678 
species forests. 3-PGmix predicted standing biomass well and predicted changes in mixing 679 
effects in response to soils, stand density, climate and age that matched measured data and 680 
case studies from the literature. Growth predictions were less precise than yield predictions, 681 
probably partly because the “observed” data were predicted using biomass equations (as 682 
opposed to more direct measurements) and because the parameter set was general for Europe 683 
and not site-specific. 684 
 685 
Previous studies using the same plots found few clear spatial changes in mixing along the 686 
transect (Pretzsch et al., 2015a; del Río et al., 2017), except that the mixing effect on P. 687 
sylvestris growth was caused by light-related interactions (Forrester et al., in press). The 688 
difficulty in identifying significant patterns in previous studies was probably because multiple 689 
factors and processes influenced the mixing effects, and even with more than 30 sites (90 690 
plots) distributed across Europe, it was not possible to disentangle these factors to show which 691 
processes were driving the mixing effects. 3-PGmix was used to tease apart the effect of 692 
climates, age and densities or thinning regimes on mixing effects and could therefore be used 693 
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to identify which processes may have caused the mixing effects and which sites, may be 694 
suitable or unsuitable for mixtures (Figs 6 and 7). 695 
 696 
Models such as 3-PGmix can be used to get an impression of the main processes and species 697 
interactions that drive mixing effects in forests and can facilitate the development of 698 
hypotheses, experimental designs and aid silvicultural decisions. Similarly, 3-PGmix could also 699 
be used to determine how experiments might need to be managed in the future, such as 700 
whether some species will need to be thinned to prevent them from dominating the other 701 
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Table 1. Major processes or species interactions that can influence the growth of mixtures 
compared with monocultures, modified from Forrester and Bauhus (2016), and whether they 
can be simulated using the 3-PGmix model. The “Manual” label in the middle column indicates 
that the process can be simulated by inputting a time series of values for the relevant 
parameter to reflect its temporal change, based on the user’s knowledge of that process, e.g., 
if rates of nitrogen fixation change, then the fertility parameters may need to change through 
time. 
Name of process or pattern Presence in 3-PGmix Notes 
Nutrient-related   
Symbiotic nitrogen fixation Manual Can be simulated manually by changing the 
fertility rating when the timing and 
magnitude of the change is known. Or by 
linking 3-PGmix with a nutrient model (e.g, 
Xenakis et al., 2008). 
Nutrient cycling Manual 
Chemical, spatial or temporal stratification Manual 
Nutrient mineralization Manual 
Canopy nitrogen retention Manual 
   
Light-related   
Space occupation – canopy stratification Yes  
Space occupation – complementary crown 
shapes and architectures 
Yes Shapes are limited to cones, ellipsoids, half-
ellipsoids and boxes. 
Space occupation – intra-specific variability 
in crown architecture and size, or influence 
of inter-specific competition on intra-
specific variability 
Yes Variability in crown architecture via 
parameters for height, live-crown length and 
crown diameter equations.  
Physiological differences Yes e.g. light-use efficiency can be reduced 
relative to the species potential (αCx) in 
response to mixing effects on within canopy 
vapour pressure deficit, soil moisture and 
soil fertility. 
Phenology and inter-specific effects on 
these 
Manual Simulated by changing the parameters 
determining leaf fall and bud break 
   
Water-related   
Hydraulic redistribution Manual By using the irrigation silvicultural 
treatment or changing the available soil 
water during the simulation  
Shared mycorrhizal networks No  
Canopy interception Yes  
Transpiration and water-use efficiency Yes  
Litter layer as a sponge or barrier Manual By using the irrigation silvicultural 
treatment or changing the available soil 
water during the simulation 
Isohydric vs. Anisohydric Yes e.g. via the parameter defining stomatal 
responses to vapour pressure deficit (kD) 
Inter-and intra-specific differences in 
phenology 
Manual Simulated by changing the parameters 
determining leaf fall and bud break 
Modified within-stand environmental 
conditions 
Yes  
   
Biotic   
Insect herbivory and leaf pathogens Manual e.g. by using the pruning silvicultural 
treatment or changing the foliage biomass  
Other   
Carbon partitioning Yes Mixing effects on partitioning to roots 
relative to aboveground growth occur via 
changes in soil fertility, vapour pressure 
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deficit within the canopy and soil moisture, 
while partitioning between stems and 
foliage is related to mixing effects on tree 
size (larger trees partition a lower 





Table 2. Statistical information that describes the relationships between the predicted and  
observed variables for mixtures (plain font) or monocultures (bold font) as shown in Figs 3-5. 
The monocultures were used to calibrate the model and the mixtures were used to validate the 
model. NPP = net primary productivity, WS = stem mass, WR= root mass. The statistical 
information includes the relative average error (e%), the relative mean absolute error 
(MAE%), the mean square error (MSE), the model efficiency (EF), the slope of the 
relationship forced through the origin, the P-value for the test of whether the slope of the 
relationship is significantly different from 1, and the R2 values. Foliage growth and root 
growth are not considered due to the low reliability of calculating those variables using 
allometric equations. 
Treatment Species Variable e% MAE% MSE EF slope P-value R2 
Mixture  F. sylvatica Basal area 17.3 20.4 17.99 0.39 0.84 < 0.0001 0.98 
Mixture P. sylvestris Basal area 22.8 25.4 62.4 0.29 0.78 < 0.0001 0.98 
Mixture Mixture total Basal area 20.5 20.7 125.72 0.12 0.81 < 0.0001 0.99 
Monoculture F. sylvatica Basal area 11.5 14.9 39.17 0.54 0.87 < 0.0001 0.99 
Monoculture P. sylvestris Basal area 17.1 21.5 85.53 0.09 0.84 < 0.0001 0.98 
Mixture F. sylvatica Diameter 10.9 11.4 9.59 0.67 0.89 < 0.0001 0.99 
Mixture P. sylvestris Diameter 11.4 12.2 23.6 0.83 0.89 < 0.0001 1 
Monoculture F. sylvatica Diameter 3.6 16.9 21.01 0.76 0.91 0.0009 0.97 
Monoculture P. sylvestris Diameter 13.4 14.9 26.16 0.66 0.87 < 0.0001 0.99 
Mixture F. sylvatica Height 2.7 14.7 13.43 0.25 0.95 0.1598 0.97 
Mixture P. sylvestris Height 5 15.7 20.51 0.03 0.94 0.0901 0.97 
Monoculture F. sylvatica Height -7.2 22.2 31.74 -0.44 1.02 0.725 0.94 
Monoculture P. sylvestris Height 2.7 13.4 15.29 0.5 0.98 0.4642 0.97 
Mixture F. sylvatica WS -12.7 16.4 1719.55 0.67 1.14 0.0017 0.97 
Mixture P. sylvestris WS -8.9 15.1 968.68 0.84 1.11 0.0094 0.97 
Mixture Mixture total WS -11.1 14.1 4513.11 0.74 1.13 0.0012 0.97 
Monoculture F. sylvatica WS -12.5 13.6 1962.85 0.94 1.12 < 0.0001 0.99 
Monoculture P. sylvestris WS -7.3 13.2 802.2 0.9 1.07 0.0102 0.98 
Mixture F. sylvatica WS growth -28.6 50.2 14.79 -0.36 1.18 0.2776 0.68 
Mixture P. sylvestris WS growth -35.8 60 8.56 -0.22 1.21 0.3436 0.55 
Mixture Mixture total WS growth -31.2 45.8 36.81 -0.26 1.3 0.0796 0.71 
Monoculture  F. sylvatica WS growth -43.4 53.1 24.49 0.23 1.57 0.0002 0.76 
Monoculture P. sylvestris WS growth 22.7 100.3 44.17 0.12 0.87 0.6387 0.25 
Mixture F. sylvatica Total biomass -4.7 15.1 1796.76 0.71 1.05 0.2749 0.96 
Mixture P. sylvestris Total biomass -1.2 16.9 1430.82 0.82 1.03 0.5098 0.96 
Mixture Mixture total Total biomass -3.2 13 4819.96 0.77 1.04 0.2529 0.97 
Monoculture F. sylvatica Total biomass -8.6 12.8 2155.51 0.95 1.09 < 0.0001 0.99 
Monoculture P. sylvestris Total biomass 3.9 15 1150.63 0.9 0.96 0.1362 0.98 
Mixture F. sylvatica NPP -18.5 49.1 16.56 -0.36 1.03 0.8551 0.68 
Mixture P. sylvestris NPP -27.7 65 12.38 -0.5 0.91 0.6374 0.47 
Mixture Mixture total NPP -22 43.2 41.9 -0.29 1.12 0.4352 0.7 
Monoculture F. sylvatica NPP -42.6 55.9 30.74 0.17 1.49 0.002 0.72 
Monoculture P. sylvestris NPP 49.7 104.9 60.03 0.09 0.71 0.1695 0.27 
Mixture F. sylvatica RP - Basal area 17.3 20.4 17.99 0.39 0.84 < 0.0001 0.98 
Mixture P. sylvestris RP - Basal area 22.8 25.4 62.4 0.29 0.78 < 0.0001 0.98 
Mixture Mixture total RP - Basal area 20.5 20.7 125.72 0.12 0.81 < 0.0001 0.99 
Mixture F. sylvatica RP - diameter 5.4 11.2 0.17 0.71 0.94 0.058 0.98 
Mixture P. sylvestris RP - diameter -0.3 5.2 0.02 0.95 1 0.9049 1 
42 
 
Mixture F. sylvatica RP - height 19.2 23.1 0.69 -0.45 0.79 < 0.0001 0.94 
Mixture P. sylvestris RP - height -2.1 12.1 0.14 0.69 1.03 0.4353 0.97 
Mixture F. sylvatica RP - WR 27.8 31.5 0.19 -0.92 0.78 < 0.0001 0.96 
Mixture P. sylvestris RP - WR -12.1 20.8 0.13 0.26 1.15 0.0251 0.93 
Mixture Mixture total RP - WR 3.8 13 0.04 0.52 0.97 0.3788 0.97 
Mixture F. sylvatica RP - WS growth 28.4 50.2 0.83 -0.54 0.75 0.0025 0.81 
Mixture P. sylvestris RP - WS growth -34.5 57.3 1.68 -0.29 1.35 0.2047 0.51 
Mixture Mixture total RP - WS growth 10.3 43.6 0.64 -0.06 0.89 0.3024 0.73 
Mixture F. sylvatica RP - WS 1.8 10.9 0.04 0.87 0.99 0.6051 0.98 
Mixture P. sylvestris RP - WS -4.1 13.2 0.05 0.85 1.07 0.0393 0.98 
Mixture Mixture total RP - WS -2.4 8.6 0.03 0.88 1.04 0.1027 0.99 
Mixture F. sylvatica RP - Total biomass 4.7 11.8 0.05 0.83 0.96 0.1527 0.98 
Mixture P. sylvestris RP - Total biomass -6.5 13.6 0.06 0.78 1.1 0.0085 0.98 









Figure 1. The locations of the 26 sites with plots of Pinus sylvestris and Fagus sylvatica in 










Figure 2. Comparison of predicted absorption of photosynthetically active radiation by 
Maestra (APARMaestra) and 3-PGmix (APAR3-PGmix) for the year 2014. The solid line is a 1:1 







Figure 3. Comparison of observed and predicted total biomass (TB, a), net primary 
productivity (NPP, b), stand stem mass (WS, c), stem mass growth (d), the mixing effects, in 
terms of relative productivity (RP, Equations 1 and 2) for total biomass (TB, e), net primary 
productivity (NPP, f), stand stem mass (WS, g) and stem mass growth (h). Growth is for the 
year 2012 and stocks are for the end of 2012. The solid lines are 1:1 lines and the dashed lines 









Figure 4. Comparison of observed and predicted diameter at 1.3 m (B, a), the mixing effect in 
terms of relative productivity (RP) of diameter (b), height (c), RP of height (d), basal area (e) 
and RP of basal area (f). All data is for the end of 2012. The solid lines are 1:1 lines and the 











Figure 5. The simulated mixing effect, in terms of the relative productivity (RP, Equations 1 
& 2) calculated using stem mass (WS) along gradients in terms of precipitation (a), 
temperature (b), soil water holding capacity (c), soil fertility (d), age (e) and thinning intensity 
(f). The levels of each gradient are described in the text. If RP is >1 then the WS was greater 
in mixture than monoculture, whereas if RP is <1 the WS was lower in the mixture than in 
monoculture. Except for (e), all patterns are only shown for the final year of the simulation 
(2013). Soil fertility (FR) for both species were linearly correlated so only F. sylvatica is 









Figure 6. The simulated mixing effect, in terms of the relative productivity (RP, Equations 1 
& 2) calculated using NPP along gradients in terms of precipitation (a), temperature (b), 
potential available soil water (c), soil fertility (d), age (e) and thinning intensity (f). The levels 
of each gradient are described in the text. If RP is >1 then the NPP was greater in mixture 
than monoculture, whereas if RP is <1 the NPP was lower in the mixture than in monoculture. 
Except for (e), all patterns are only shown for the final year of the simulation (2013). Soil 
fertility (FR) for both species were linearly correlated so only F. sylvatica is shown on the x-





Table A1. Description of parameters, their values and sources. Source refers to “Default” values 
for Eucalyptus globulus in 3-PGPJS 2.7, “Observed” values measured in this study or obtained 
from published observations, and “Fitted” values that were obtained, as described in the text. 
Sources for published observations are described in the methodology section. 
Parameter Symbol Units Source Pinus sylvestris Fagus sylvatica 
Biomass partitioning and turnover 
Allometric relationships & partitioning 
Foliage:stem partitioning ratio @ B=2 cm p2 - Fitted 0.70 0.70 
Foliage:stem partitioning ratio @ B=20 cm p20 - Fitted 0.21 0.06 
Constant in the stem mass v. B relationship aS - Observed 0.126 0.183 
Power in the stem mass v. B relationship nS - Observed 2.268 2.390 
Maximum fraction of NPP to roots ηRx - Fitted 0.7 0.7 
Minimum fraction of NPP to roots ηRn - Fitted 0.3 0.3 
Litterfall & root turnover 
Maximum litterfall rate γFx 1/month Fitted 0.015 0.02 
Litterfall rate at t = 0 γF0 1/month Default 0.001 0.001 
Age at which litterfall rate has median value tγF months Observed 60 60 
Average monthly root turnover rate γR 1/month Fitted 0.004 0.015 
If deciduous, the month when leaves produced leafP month Observed 0 4 
If deciduous, the month when leaves fall leafL month Observed 0 11 
NPP & conductance modifiers 
Temperature modifier (fT) 
Minimum temperature for growth Tmin deg. C Observed -5 -5 
Optimum temperature for growth Topt deg. C Observed 15 20 
Maximum temperature for growth Tmax deg. C Observed 35 25 
Frost modifier (fF) 
Days production lost per frost day kF days Default 1 1 
Fertility effects 
Value of 'm' when FR = 0 m0 - Default 0 0 
Value of 'fN' when FR = 0 fN0 - Fitted 0.2 0.5 
Power of (1-FR) in 'fN' nfN - Default 1 1 
Age modifier (fAGE) 
Maximum stand age used in age modifier tx years Observed 350 300 
Power of relative age in function for fAGE nage - Default 4 4 
Relative age to give fAGE = 0.5 rage - Default 0.95 0.95 
Canopy structure and processes 
Specific leaf area 
Specific leaf area at age 0 σ0 m2/kg Observed 4.29 24.7 
Specific leaf area for mature leaves σ1 m2/kg Observed 4.29 19.4 
Age at which specific leaf area = (SLA0+SLA1)/2 tσ years Observed 1 35 
Light interception 
Extinction coefficient for absorption of PAR by canopy k or kH - Observed 0.38 0.42 
Age at canopy closure  tc years Observed 10 10 
Maximum proportion of rainfall evaporated from canopy IRx - Observed 0.395 0.237 
LAI for maximum rainfall interception LIx - Default 3 3 
LAI for 50% reduction of VPD in canopy  L50D - Default 5 5 
Production and respiration 
Canopy quantum efficiency αCx molC/molPAR Observed 0.049 0.050 
Ratio NPP/GPP Y - Default 0.47 0.47 
Conductance 
Minimum canopy conductance gCmin m/s Default 0 0 
Maximum canopy conductance gCmax m/s Default 0.02 0.02 
LAI for maximum canopy conductance LgCmax - Default 3.33 3.33 
Defines stomatal response to VPD kD 1/mBar Default/observed 0.05 0.057 
Canopy boundary layer conductance gB m/s Default 0.2 0.2 
Basic Density 
Minimum basic density - for young trees ρ0 t/m3 Observed 0.395 0.567 
Maximum basic density - for older trees ρ1 t/m3 Observed 0.395 0.567 
Age at which ρ = (ρ0+ ρ1)/2 tρ years Not applicable 1 1 
Stem height 
Constant in the stem height relationship aH - Observed 4.589 1.008 
Power of B in the stem height relationship nHB - Observed 0.474 0.450 
Power of competition in the stem height relationship nHC - Observed 0 0 
Crown shape 
Crown shape (1=cone, 2=ellipsoid, 3=half-ellipsoid, 
4=rectangular) - - Default 3 3 
Crown diameter 
Constant in the crown diameter relationship aK - Observed 1.376 0.939 
Power of B in the crown diameter relationship nKB - Observed 0.554 0.581 
Power of height in the crown diameter relationship nKH - Observed 0 0 
Power of competition in the crown diameter relationship nKC - Observed -0.266 0 
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Power of relative height in the crown diameter relationship nKrh - Observed 0 0 
Live-crown length 
Constant in the LCL relationship aHL - Observed 2.189 6.269 
Power of B in the LCL relationship nHLB - Observed 0.563 0.189 
Power of LAI in the LCL relationship nHLL - Observed 0 0 
Power of competition in the LCL relationship nHLC  Observed -0.262 0 
Power of relative height in the LCL relationship nHLrh  Observed 0.678 0.655 
Diameter distributions 
Constant for Weibull scale parameter of B dist. scB0 - Observed 0.278 0.194 
Slope of DBH in relationship for Weibull scale parameter  scBB  Observed 1.152 1.225 
Slope of relative height for Weibull scale parameter  scBrh  Observed 0 0 
Slope of age in relationship for Weibull scale parameter  scBt  Observed 0 0.128 
Slope of competition for Weibull scale parameter  scBC  Observed 0.054 0 
Constant in the relationship for Weibull shape parameter  shB0  Observed 1.228 0.788 
Slope of DBH in relationship for Weibull shape parameter  shBB  Observed 0 0.316 
Slope of relative height for Weibull shape parameter  shBrh  Observed 1.189 1.614 
Slope of age in relationship for Weibull shape parameter  shBt  Observed 0 0 
Slope of competition for Weibull shape parameter  shBC  Observed 0.214 -0.117 
Constant in the relationship for Weibull location parameter  locB0  Observed 0.987 1.636 
Slope of DBH in relationship for Weibull location parameter  locBB - Observed 0.872 0.505 
Slope of relative height for Weibull location parameter  locBrh - Observed 0.023 -0.626 
Slope of age in relationship for Weibull location parameter  locBt - Observed 0 0 
Slope of competition for Weibull location parameter locBC - Observed -0.106 0.046 
ws distributions 
Constant for Weibull scale parameter of ws dist. scw0  Observed 0.090 0.022 
Slope of DBH in relationship for Weibull scale parameter  scwB  Observed 2.084 2.605 
Slope of relative height for Weibull scale parameter  scwrh  Observed 0 -1.815 
Slope of age in relationship for Weibull scale parameter  scwt  Observed 0.271 0.321 
Slope of competition for Weibull scale parameter  scwC  Observed -0.122 0.090 
Constant in the relationship for Weibull shape parameter  shw0  Observed 1.134 0.646 
Slope of DBH in relationship for Weibull shape parameter  shwB  Observed 0 0.269 
Slope of relative height for Weibull shape parameter  shwrh  Observed 0.945 1.740 
Slope of age in relationship for Weibull shape parameter  shwt  Observed 0 0 
Slope of competition for Weibull shape parameter  shwC  Observed 0.122 -0.143 
Constant in the relationship for Weibull location parameter  locw0  Observed 0.228 0.143 
Slope of DBH in relationship for Weibull location parameter  locwB - Observed 2.204 1.028 
Slope of relative height for Weibull location parameter  locwrh - Observed 0 -3.450 
Slope of age in relationship for Weibull location parameter  locwt - Observed -0.418 0.453 
Slope of competition for Weibull location parameter locwC - Observed 0 0.208 
Conversion factors 
Intercept of net v. solar radiation relationship Qa W/m2 Default -90 -90 
Slope of net v. solar radiation relationship Qb - Default 0.8 0.8 
Molecular weight of dry matter gDM/mol Default 24 24 
Conversion of solar radiation to PAR mol/MJ Default 2.3 2.3 
Calculation options      
Apply 3PGpjs light model = no      
Apply 3PGpjs water balance = no      
Apply 3PGpjs Physmod = yes      





Table A2. Stand and site characteristics for the 26 sites sorted by the de Martonne aridity index. When a given characteristic varied between plots within a 
site, values for each plot are provided as F. sylvatica monoculture / P. sylvestris monoculture / Mixture. Site index is a site productivity index calculated 


























Ger_7 1061 13°36'58"/57"/54" 52°04'43"/43"/45" 76/68/76 0 0 8.6 520 sandy 28 16.9/13.1 05/05/2013 15/11/2013 
Pol_1 1035 14°36'18" 53°20'7" 60 0 0 9.2 556 loamy sand and sand 29 27.3/26.9 30/04/2013 31/10/2013 
Ger_6 1070 12°44'08" 48°11'12" 40 0 0 8 560 slightly loamy sand 31.1 15.8/12.8 30/04/2013 15/10/2013 
Ger_5 1034 08°10'49" 48°59'12" 370 0 3 10 675 slightly loamy sand 33.4 24.4/23.6 30/04/2013 22/10/2013 
Cze_1 1049 16°36'10"/7"/9" 49°18'14"/15"/14" 435/445/440 45 5-15/0-10/5-10 7.5 620 cambisol mezotrofic 35.4 23.8/23.0 25/04/2013 22/10/2013 
Pol_4 1044 20°24'33"/23'38"/13'46" 50°0'51"/2'53"/1'28" 210/205/210 0 0 / 0 / 4 8.2 650 slightly loamy sand 35.7 15.8/21.3 07/05/2013 15/11/2013 
Pol_5 1045 20°14'21"/20'50"/19'37" 50°1'30"/2'31"/1'36" 210/210/220 0 0 8.2 650 loamy sand 35.7 25.8/24.5 07/05/2013 15/11/2013 
Ger_3 1032 10°58'13'' 49°53'12'' 250 30 2 8 650 loamy sand 36.1 24.4/25.2 22/04/2013 31/10/2013 
Pol_2 1036 19°54'42" 53°48'19" 136 0 0 7.9 666 slightly loamy sand 37.2 19.1/25.5 07/05/2013 31/10/2013 
Pol_3 1037 20°41'09" 50°59'28" 383 275 2 7.8 662 sandstone loamy sand and loam 37.2 22.6/20.5 30/04/2013 31/10/2013 
Ger_1 1033 11°14'12" 48°34'58" 430 45 1 8.5 700 slightly loamy sand 37.8 27.6/22.7 30/04/2013 22/10/2013 
Ger_2 1031 9°3'54" 50°6'49" 250 20 0 9 720 slightly loamy sand 37.9 23.1/25.7 15/04/2013 22/10/2013 
Swe_1 1054 13°35'29"/11"/35" 56°8'50"/8'59"/9'12" 130/120/110 270/270/125 10/11/2017 8 700 loamy sand 38.9 13.3/21.0 22/04/2013 15/10/2013 
Bel_1 1063 04°19'30" 50°45'06" 120 0 0 10.5 852 loam 41.6 12.0/10.9 01/05/2013 31/10/2013 
Net_1 1043 6°1'22"/28"/20" 52°25'40"/41"/41" 34/34/35 90/0/45 3.4/0/2.3 9.7 825 coarse sand 41.9 17.4/17.9 01/05/2013 01/11/2013 
Lit_1 1051 22°24'24" 55°04'47.30" 20 0 0 6.5 750 sand and slightly loamy sand 45.5 22.3/19.5 05/05/2013 15/10/2013 
Sp_1 1042 3°10'33''W/0''W/19''W 42°6'10''/ 5'48''/5'57'' 1252/1339/1289 45/0/315 43/53/45 8.9 860 sandy loam 45.5 24.8/20.9 15/05/2013 15/11/2013 
Bul_1 1047 23°21'02'' 41°53'44'' 1180 360/360/330 20/20/15 6 750 loamy sand 46.9 25.9/25.1 31/05/2013 01/11/2013 
Swe_2 1053 14°11'49"/51"/46" 55°42'41"/42"/33" 20/25/30 180/180/0 15/05/2004 7 800 sandy till 47.1 22.0/22.0 22/04/2013 15/10/2013 
Fran_1 1040 7°29'14'' 48°58'42'' 275 315 28/38/35 9.7 948 sandstone sandy soil 48.1 22.2/23.0 15/05/2013 15/11/2013 
BHe_1 1059 18°29'56" 44°13'35" 627 225 25 9.5 939 loam to sandy clay 48.2 13.2/16.1 30/04/2013 01/11/2013 
Lit_2 1052 21°32'23" 55°27'02" 25 0 0 6.5 800 sand and slightly loamy sand 48.5 13.6/22.9 05/05/2013 15/10/2013 
Ita_2 1062 07°03'53" 44°54'12" 1250 315 25 7.9 938 sandy loam 52.4 19.9/16.9 30/04/2013 01/11/2013 
Ser_1 1056 19°37'30" 43°42'17" 1090 0 20 7.7 1020 loam 57.6 11.7/14.7 30/04/2013 01/11/2013 
Sp_2 1041 2°16'0"/16'26"/15'44" 42°10'15"/46"/18" 1065/1209/1074 45/315/45 39.8/24.4/26.6 8 1100 loam slightly clay 61.1 24.3/9.5 15/05/2013 15/11/2013 







Height, live-crown length and crown diameter equations (Equations 3-5) 
 
 
The height of each species was a function of diameter, but for F. sylvatica, the competition 
index was also a significant predictor (Table B1). The crown diameter of P. sylvestris was 
also related to the competition index, in addition to stem diameter, while the crown diameter 
of F. sylvatica was only significantly related by stem diameter. Live-crown lengths of both 
species were related to the competition index and P. sylvestris crown lengths were also related 
to their relative height (Table B1). 
 
 
Table B1. Parameter estimates (with their standard errors) and random effects for Equations 3 
to 5 that describe the (ln-transformed) height (m), crown diameter (m) and live-crown length 
(m) of P. sylvestris and F. sylvatica. 
Stem height 
 F. sylvatica P. sylvestris 
ln(aH) -0.002 (0.215) 1.519 (0.054) 
nHB 0.538 (0.008) 0.474 (0.011) 
nHC 0.45 (0.071)  
Correction factor 1.0095 1.0047 
n 2324 1778 
εij 0.158 0.118 
Standard deviation (sd) for random effects (sdi / sdij) 
Estimate 0.137 / 0.161 0.177 / 0.088 
Lower 0.083 / 0.122 0.125 / 0.065 
Upper 0.228 / 0.213 0.252 / 0.118 
   
Live-crown length 
 F. sylvatica P. sylvestris 
ln(aHL) 1.802 (0.091) 0.753 (0.322) 
nHLB 0.189 (0.024) 0.563 (0.036) 
nHLC 0.655 (0.037) -0.266 (0.101) 
nHLrh  0.678 (0.055) 
Correction factor 1.0344 1.0304 
n 2314 1778 
εij 0.286 0.278 
Standard deviation (sd) for random effects (sdi / sdij) 
Estimate 0.226 / 0.146 0.164 / 0.132 
Lower 0.156 / 0.107 0.102 / 0.093 
Upper 0.328 / 0.198 0.264 / 0.188 
   
Crown diameter 
 F. sylvatica P. sylvestris 
ln(aK) -0.093 (0.059) 0.283 (0.28) 
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nKB 0.581 (0.015) 0.554 (0.022) 
nKH   
nKC  -0.277 (0.091) 
Correction factor 1.0303 1.0376 
n 2108 1571 
εij 0.279 0.283 
Standard deviation (sd) for random effects (sdi / sdij) 
Estimate 0.125 / 0.202 0.128 / 0.104 
Lower 0.056 / 0.148 0.08 / 0.071 
Upper 0.277 / 0.277 0.205 / 0.154 





Diameter and stem mass distributions  
 
 
3-PGmix uses diameter or stem mass distributions for two main purposes. One is to correct for 
the bias that can result from Jensen’s Inequality when allometric equations are used to 
calculate means of variables (e.g. mean diameter) instead of individual tree values; the mean 
of a function is not the same as the function of the mean (Duursma and Robinson, 2003). The 
second use of the distributions, is to provide the user with the option to thin the stand and to 
obtain outputs for a given number of crop trees (e.g. the largest 100 trees per ha) or the 
parameters of the Weibull distributions themselves (Forrester and Tang, 2016). 
 
In this study, the distributions were described using 3-parameter Weibull distributions 
(Forrester and Tang, 2016). The scale, shape and location parameters of the Weibull 
distributions were calculated using the percentile method, as described by Nanang (1998) 
using the data collected from the triplets. The ws was calculated using generalised biomass 
equations from Forrester et al. (2017b). In the mixed-species plots, the size distributions of a 
given species were converted to equivalent monospecific size distributions by dividing the 
trees per ha of each size class (for the given species) by the mixing proportion for that species 




The scale, shape and location parameters were then fitted to Equations B1 to B6 where they 
are described as functions of mean diameter (B, cm), relative height (rh, height of the target 
species divided by the mean height of all species in the plot), age (A, years) and competition, 
which as calculated using Equation 6. Equations B1 to B6 were fitted as mixed models with 
site as the random variable using the nlme package for fitting the mixed models (Harrison et 
al., 2009) with R 3.2.1 (R Core Team, 2015). 
 
 ln(𝑙𝑜𝑐𝐵) = locB0 + locBB × 𝑙𝑛(𝐵) + locBrh × 𝑙𝑛(𝑟ℎ) + locBt × 𝑙𝑛(𝐴𝑔𝑒) + locBC × 𝑙𝑛(𝐶) (B1) 
 𝑙𝑛(𝑠𝑐𝐵) = 𝑠𝑐𝐵0 + 𝑠𝑐𝐵𝐵 × 𝑙𝑛(𝐵) + 𝑠𝑐𝐵𝑟ℎ × 𝑙𝑛(𝑟ℎ) + 𝑠𝑐𝐵𝑡 × 𝑙𝑛(𝐴𝑔𝑒) + 𝑠𝑐𝐵𝐶 × 𝑙𝑛(𝐶)  (B2) 
 𝑙𝑛(𝑠ℎ𝐵) = 𝑠ℎ𝐵0 + 𝑠ℎ𝐵𝐵 × 𝑙𝑛(𝐵) + 𝑠ℎ𝐵𝑟ℎ × 𝑙𝑛(𝑟ℎ) + 𝑠ℎ𝐵𝑡 × 𝑙𝑛(𝐴𝑔𝑒) + 𝑠ℎ𝐵𝐶 × 𝑙𝑛(𝐶) (B3) 
 𝑙𝑛(𝑙𝑜𝑐𝑤) = 𝑙𝑜𝑐𝑤0 + 𝑙𝑜𝑐𝑤𝐵 × 𝑙𝑛(𝐵) + 𝑙𝑜𝑐𝑤𝑟ℎ × 𝑙𝑛(𝑟ℎ) + 𝑙𝑜𝑐𝑤𝑡 × 𝑙𝑛(𝐴𝑔𝑒) + 𝑙𝑜𝑐𝑤𝐶 × 𝑙𝑛(𝐶) (B4) 
 𝑙𝑛(𝑠𝑐𝑤) = 𝑠𝑐𝑤0 + 𝑠𝑐𝑤𝐵 × 𝑙𝑛(𝐵) + 𝑠𝑐𝑤𝑟ℎ × 𝑙𝑛(𝑟ℎ) + 𝑠𝑐𝑤𝑡 × 𝑙𝑛(𝐴𝑔𝑒) + 𝑠𝑐𝑤𝐶 × 𝑙𝑛(𝐶) (B5) 
 𝑙𝑛(𝑠ℎ𝑤) = 𝑠ℎ𝑤0 + 𝑠ℎ𝑤𝐵 × 𝑙𝑛(𝐵) + 𝑠ℎ𝑤𝑟ℎ × 𝑙𝑛(𝑟ℎ) + 𝑠ℎ𝑤𝑡 × 𝑙𝑛(𝐴𝑔𝑒) + 𝑠ℎ𝑤𝐶 × 𝑙𝑛(𝐶) (B6) 
 
where locBx, scBx and shBx are fitted parameters for the B distributions, and locwx, scwx and shwx 
are fitted parameters for the ws distributions. 
 
Equations B1 to B6 differ from the equations in the original 3-PGmix described by Forrester 
and Tang (2016) because ln-transformations were found to be necessary to reduce 
heteroscedasticity and to linearize relationships. The parameter estimates for Equations B1 to 
B6 are shown in Table B2 and the distributions are shown in Figs B1 & B2.  
 
Mean stand diameter, for the given species, was the strongest predictor of the shape of 
diameter distributions and also of the wS distributions (Figs B1 and B2; Table B2). For both 
species, there were also small, but significant, effects of the competition index, relative height 










Figure B1. The effects of mean diameter (B), relative height (rh), age and competition index 
(CI; Equation 6) on the diameter distributions of F. sylvatica and P. sylvestris. These plots are 
created using Equations B1 to B6 and by varying only one of the independent variables at a 







Figure B2. The effects of mean diameter (B), relative height (rh), age and competition index 
(CI; Equation 6) on the stem mass (ws) distributions of F. sylvatica and P. sylvestris. These 
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plots are created using Equations B1 to B6 and by varying only one of the independent 




Table B2. Parameter estimates (with their standard errors) and random effects for Equations 
B1 to B6 that describe the (ln-transformed) parameters of Weibull distributions, for diameter 
and stem mass, of P. sylvestris and F. sylvatica. The parameters locBx, scBx and shBx are fitted 
parameters for the diameter distributions and locwx, scwx and shwx are fitted parameters for the 
stem mass distributions. 
 
Diameter distribution Stem mass distribution 
Scale parameter 
F.sylvatica P. sylvestris F.sylvatica P. sylvestris 
ln(scB0) -1.638 (0.202) -1.28 (0.234) ln(scw0) -3.812 (0.229) -2.408 (0.306) 
scBB 1.225 (0.031) 1.152 (0.06) scwB 2.605 (0.042) 2.084 (0.052) 
scBrh scwrh -1.815 (0.184) 
scBt 0.128 (0.052) scwt 0.321 (0.061) 0.271 (0.086) 
scBC 0.054 (0.024) scwC 0.09 (0.021) -0.122 (0.021) 
n 635 631 n 635 607 
εi 0.089 0.193 εi 0.113 0.144 
Standard deviation for random effects Standard deviation for random effects 
Estimate 0.184 0.227 Estimate 0.147 0.213 
Lower 0.139 0.227 Lower 0.107 0.16 
Upper 0.244 0.404 Upper 0.201 0.284 
Shape parameter 
F.sylvatica P. sylvestris F.sylvatica P. sylvestris 
ln(shB0) -0.238 (0.179) 0.206 (0.115) ln(shw0) -0.437 (0.207) 0.126 (0.112) 
shBB 0.316 (0.059) shwB 0.269 (0.068) 
shBrh 1.614 (0.291) 1.189 (0.193) shwrh 1.74 (0.346) 0.945 (0.188) 
shBt shwt 
shBC -0.117 (0.032) 0.214 (0.04) shwC -0.143 (0.038) 0.122 (0.04) 
n 635 631 n 635 607 
εi 0.183 0.258 εi 0.221 0.25 
Standard deviation for random effects Standard deviation for random effects 
Estimate 0.156 0.267 Estimate 0.161 0.251 
Lower 0.116 0.2 Lower 0.119 0.188 
Upper 0.211 0.357 Upper 0.217 0.335 
Location parameter 
F.sylvatica P. sylvestris F.sylvatica P. sylvestris 
ln(locB0) 0.492 (0.1) -0.013 (0.225) ln(locw0) -1.947 (0.543) -1.479 (0.821) 
locBB 0.505 (0.032) 0.872 (0.061) locwB 1.028 (0.092) 2.204 (0.113) 
locBrh -0.626 (0.141) 0.023 (0.15) locwrh -3.50 (0.392) 
locBt locwt 0.453 (0.141) -0.419 (0.21) 
locBC 0.046 (0.016) -0.106 (0.03) locwC 0.208 (0.045) 
n 635 631 n 635 607 
εi 0.087 0.188 εi 0.238 0.381 
Standard deviation for random effects Standard deviation for random effects 
Estimate 0.179 0.27 Estimate 0.449 0.593 
Lower 0.136 0.203 Lower 0.337 0.444 
Upper 0.238 0.359 Upper 0.598 0.792 








Figure B3. Comparison of observed and predicted foliage mass (WF, a), root mass (WR, b) 
and mixing effects on foliage mass (c) and root mass (d), all for the end of 2012. The solid 
lines are 1:1 lines and the dashed lines are lines fitted to the data that pass through the origin. 
For each species-treatment combination n=26. 
 
